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NATTONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1226

FEASIBILITY STUDY OF A CIRCUMLUNAR
PHOTOGRAPHIC EXPERIMENT

By William H. Michael, Jr., Robert H. Tolson,
and John P. Gapcynski

SUMMARY

A study has been made to investigate the feasibility of a high-
resolution, lunar-surface photographic experiment, with the use of a
circumlunar trajectory and with recovery of the film on return to the
surface of the earth. Particular attention has been glven to proce-
dures for obtaining high-resolution photographs of the lunar surface,
for returning the undeveloped film to the earth, and for recovering
the data package on completion of such a mission. As an example of a
typical existing vehicle which could be used for such an experiment,
the characteristics of the Ranger spacecraft have been used in appli-
cable portions of the study.

Consideration has been given to trajectory analysls for minimizing
the dispersion area on return to the surface of the earth, design of
the optical system and photographic-axis attitude orientation, radia-
tion protection of the film package, reentry heating protection and
recovery of the package, design details of incorporation of the experi-
ment on the Ranger spacecraft, and additional experimental results and
scientific information to be obtained from such a mission. These con-
siderations demonstrate the technical feasibility and the scientific
usefulness of such a mission.

INTRODUCTION

A study has been made to investigate the feasibility of a high-
resolution, lunar-surface photographic experiment, with the use of a
circumlunar trajectory and with recovery of the film on return to the
surface of the earth. Particular attention has been given to proce-
dures for obtalning high-resolution photographs of the lunar surface,
for returning the undeveloped film to the earth, and for recovering
the data package on completion of such a mission. As an example of a
typical existing vehicle which could be used for such an experiment,



the characteristics of the Ranger spacecraft have been used in appli-
cable porticns of the study. s

The primary objective of such a mission 1s to obtain lunar-surface
photographs and vidicon (television) pictures for determination of sur-
face features and formations over & wide area of the eastern 1limb Jown
to a resolution of 80 feet, for determination of altitudes and slopes
of the surfece features, for photometrlic analysis of the surface struc-
ture to this scale, and for determination of the figure of the moon
along the earth-moon axis. Additional objectives include the possi-
Pbility of more precise determination of the masses of the earth and
moon from analysis of the tracking data and a study of phenomena asso-
clated with the effect of proximity of moon and vehicle on communica-
tions and with loss of line-of-sight communications as the vehicle
passes behind the moon. In addition to the results previously men-
tioned, the mission offers a demonstration of circumlunar flight with
recovery on return to the earth, a communications and tracking exer-
clse, some data on reentry heating at parabolic velocity, and photo-
graphic data for selection and features of possible landing sites. It
is also anticipated that some of the techniques and operational con-
cepts used in the photographic experiment could be of direct applica-
tion to a lunar sample return mission.
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The primary results would consist of photographs of the lunar sur-
face taken during the lunar-approach phase of the single-pass circumlunar
trajectory. At the third-quarter lighting conditlon, photographs of the .
entire eastern limb would be obtained, including the portion of this
1imb which has not yet been photographed. The photographs would be
taken from three different inertial attitudes and thus would provige
data for detailed analysls of surface features. Two magnification
levels would be used, the first giving views of the whole lunar disk,
with resolution down to 2,000 feet, and the second giving views of areas
approximately 100 miles in diameter, to be photographed with a resolution
down to approximately 80 feet. Photographs with this latter resolution
could provide important data in the intermediate range between present
earth-based photographs and the high resolution, but very limited field,
vidicon pictures to be taken on Impact missions. 1In addition to the
film cameras, it would be useful to include the vidicon plcture system
already designed for use in the Ranger spacecraft.

Circumlunar trajectory studies have led to the design of typical
nominal trajectories utilizing proper trajectory energy and minimum
approach distance o the moon and a nearly vertical reentry on return
to earth, for which the recovery area on return to the surface of the
earth 1s relatively insensitive to errors remaining after application *
of a single midcourse correction. For the accuracies obtainable with



the single midcourse correction of the Ranger spacecraft, and with
standard uncertainties in the masses of the earth and moon, the esti-
mated dispersion of the recovery point is approximately 730 statute
miles east and west and 314 statute miles north and south from the
nominal point. Within this dispersion area, the actual recovery point
should be predictable within a few tens of miles from tracking data
obtained up to 2 days before reentry, and with considerably greater
accuracy than this from data obtained to within a few hours of reentry.

As part of the feasibility study, consideration has been given to
design detalls of incorporation of the experiment on the Ranger space-
craft, design of the optical system and photographic-axis attitude
orientation, radiation protection of the film package, reentry heating
protection and recovery of the reentry package, and additional experi-
mental results and scientific information to be obtained from such a
mission.

This report contalns more detailed discusslons of the results of
analyses generated in the course of the feasibility study and of the
scientific results which would be obtained. Although some of the
results and design considerstions contained herein are of a preliminary
nature and, as such, are subject to changes to be dictated by a thorough
design study, it is believed that the information presented is suffi-
cient to demonstrate the technical feasibility and scientific useful-
ness of such an experiment.

RESULTS AND DISCUSSION OF FEASIBILITY STUDY

Description of Ranger Vehicle

The objective of the Ranger program is the development of a space-
craft and system for performing scientific experiments in earth-moon
space and for meking & landing on the moon. A basic spacecraft, desig-
nated as the bus, will be used for all flights, with the addition of a
landing capsule for the lunar Impact shots. The spacecraft will be
injJected into orbit by the Atlas-Agena B vehicle. Ranger spacecraft
design information required in the formulstion of this study has been
obtained from Jet Propulsion Laboratory (JPL) Space Programs Summaries
for 1960 and 1961.

The first two flights of the Ranger program, designated as RA-1
and RA-2, will be highly elliptical earth orbits with apogee of about
three times the earth-moon distance. Experiments to be contained in
these flights are adequately described in reference 1 and will not be
discussed here. The next three flights, designated as RA-3, RA-lL,
and RA-5 will be attempts to achieve & lunar impact with terminal



velocity of the landing capsule of one hundred to several hundred feet
per second. Experiments for these flights consist of a vidicon (tele-
vision) photographic experiment for obtaining high-resolution pictures
of a small part of the lunar surface in the vicinity of the impact area
and a lunar radiocactivity experiment, both of which are external to the
(soft) landing capsule, and a seismometer experiment in the landing
capsule.

The Ranger spacecraft is equipped with solar and earth sensors,
three body-fixed rate gyros, an attitude control system, midcourse
correction system, and, for the landing capsule, & retro-rocket system.
Shortly after injection, ground commend initiates the sun acquisition
phase which results in the vehicle longitudinal axis (the roll axis)
becoming oriented along the vehicle-sun line. Control torques for the
attitude control maneuvers are obtalned by gas Jets. After orientation
of the roll axis, earth acquisition is obtained by a roll maneuver about
the longitudinal axis, accompanied by sweeping of the high-gain antenna
(see fig. 1) to which are attached the earth sensors. After earth
acquisition, the spacecraft orlentation with respect to the sun and
earth is maintained during the cruise phase,

For the midcourse correction maneuver, Included in missions RA-3
to RA-5, a premasneuver phase maintains spacecraft orientation at
increased accuracy, then a midcourse orientation maneuver orients the
body-fixed rocket motor inh the proper direction for applying the
required velocity correction. An autopilot maintailns the spacecraft
orientation during the correction maneuver, using jet vanes to give
pitch, yaw, and roll control. The motor is ignited at a preset time,
burns until the required velocity has been obtained, and is then shut
off. After the mildcourse correction, the sun and earth are reacquired
and the vehicle is reoriented to the cruise orientation.

A similar procedure is employed for the terminal maneuver of RA-3,
RA-4, and RA-5 in which the proper orientation is obtained for taking
the vidicon pictures and for firing the retro-rocket.

The gross weight of the Ranger (RA-3) spacecraft is approximately
800 pounds. The JPL studies indicate that such a payload can be accom-
modated by the Atlas-Agena B vehicle, taking into account subnominal
performance of the boost vehicle. Of the 800-pound gross weight, the
landing capsule, including the retro-rocket system and payload, weighs
300 pounds.

For the conslderations of the present study of the lunar photo-
graphic experiment, the landing capsule 1s elimlnated. This results in
a payload allowance for the photographic experiment and associlated system
of about 300 pounds. This 300-pound allowance is in addition to the
attitude control system, communication system, midcourse correction sys-
tem, power supply, and so forth which are already included in the basic
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spacecraft. Preliminary weight estimates indicate that a payload weight
allowance of about 300 pounds is adequate for the proposed experiments.

Trajectory Analysis

The basic concepts involved in the design of a circumlunar trajec-
tory for an unmenned mission differ somewhat from those involved in a
menned mission. Primarily, these differences are the result of a relaxa-
tion of reentry restrictions, since for the unmanned mission it is no
longer necessary to restrict the design to those trajectories having a
rather limited reentry corridor. Thus, for the unmanned mission, it is
possible to base the trajectory design on the results of an examination
of the overall characteristics of circumlunar trajectories.

Tt was noted in reference 2 that certain circumlunar trajectories
are characterized by the fact that the return perigee distance is rela-
tively insensitive to changes in the distance of closest approach to
the moon. The return perigee distance for which this occurs 1s dependent
upon the energy, or velocity, of the trajectory. Thus, it would appear
advantageous to design the trajectory to incorporate this inherent
insensitivity. In addition, it would be desirable to choose the energy
of the trajectory so that the return perigee 1s near the center of the
earth. There are two advantages involved in making this choice. First,
allowance can be madée for large variations in return perigee distance
which result from injection or midcourse-correction errors and still
insure earth impact and, second, small changes in injection velocity
and time can be made so that the flight time to the moon and the total
mission flight time can be varied without a great deal of change in
earth perigee distance. This is of importance in the design of a tra-
Jectory when it is necessary to have the vehicle in visual contact with
8 particular point on the earth's surface when the vehicle i1s in the
vicinity of the moon, and also in establishing the position of vehicle-
earth impact.

Utilizetion of such a trajectory (return perigee near the center
of the earth) implies that the vehicle is falling nearly straight
toward the earth when it leaves the moon's influence. The vehicle
reentry angle will be approximately 90O and the reentry decelerations
and heating rates will necessarily be high. The latitude of the reentry
point will be approximately equal to the declination of the moon at the
time of periselenian passage. Although this defines the range of earth
latitudes available for reentry, it should be noted that the most favora-
ble declination of the moon, or latitude of the reentry point, for a
photographic experiment may be dictated by the position of the earth's
radiation belts. In order to avoid these regions 1t is necessary to
design the trajectory so that periselenian passage occurs near maximum
positive or meximum negeative declination of the moon.



In designing the actual trajectory, the factors mentioned must be
integrated with the mission objectives. The photographic mission pre-
sented in thils paper is considered for the period from the middle of
1962 to the end of 1963. Third-quarter lighting conditions were chosen
as best sulted for the photographic purposes of the mission, and reentry
and recovery of the film package was scheduled to take place in the
Pacific Ocean near Hawaii. This reentry location implies that the moon
is at or near maximum positive declination at the time of periselenian
passage. The simultaneity of these two conditions, that is, third-
quarter lighting and maximum or near maximum positive declination, occurs
in a 2- to 3-month period in the latter part of 1962 and similarly in the
latter part of 1963. The trajectory presented in this paper 1s designed
for the 1963 occurrences. It should be noted, however, that a similar
trajectory may be designed with a target date in the early part of 1963.
In this case, third-quarter lighting conditions would occur for maximum
negative declination of the moon and the reentry point could most advan-
tageously be located in the Indian Ocean near Australisa.

The characteristics of the design or nominal trajectory are listed
in table I. To obtain these results, use was made of a precision four-
body, three-dimensional trajectory program (Encke method) utilizing
actual calendar dates and body positions as obtained from unpublished
U.S. Naval Observatory data.

The earth trace of the trajectory during the initial and final
2L-hour periods of the mission is shown in figure 2. The launch phase
is compatible with the capability of the Atlas-Agena B booster vehicle.
The launch takes place at Cape Canaveral and injection occurs over South
Africa after a specified coast period in a 115 statute-mile orbit. The
entire injection burning phase wlll be visible from and under the con-
trol of the South African station of the Deep Space Network. The earth
trace for the period from 68 to 72 hours is also shown. This is the
time period during which photographs of the moon will be made and vidicon
information transmitted to the earth. It 1s a requirement of the tra-
Jectory that this portion of the mission be visible from the Goldstone
station. BSince the trajectory has a perigee location which is not at
the exact center of the earth, the trace of the trajectory has a turn-
around point prior to reentry. In this case, the earth trace of the
vehicle turns back on itself.

The spatial trace of the trajectory is shown in figure 3. The
origin of the inertial coordinate system used in this figure is at the
earth's center, and the system 1s oriented so that the X-axis is directed
toward the moon at the time of injection, the Y-axis is perpendicular to
the X-axis and 1s in the earth-moon plane, and the Z-axis is directed so
as to form a right-hand system. A plot of the trajectory in the vicinity
of the moon is shown in figure L.
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An error snalysis has been made to determine the dispersion of the
nominal earth-impact point due to uncertainties in vehicle tracking, the
magnitude and direction of the midcourse correction, the earth-moon mass
ratio, and the value of the geocentric gravitational constant. The
results of this analysis are summarized in table II. Based on results
obtained from the Jet Propulsion Laboratory, it was assumed that the
vehicle midcourse correction capability (this correction is to be applied
after the vehicle 1s acquired by the Goldstone station) was such that the
miss dlstance at periselenian passage would be within a 30-mile-radius
circle centered at the nominal periselenian distance and situated in a
plane perpendicular to the trajectory plane. In order to determine the
dispersion of the earth-impact polnt due to off-nominal trajectories
lying within this miss circle, the injection conditions were varied from
the nominal, and the earth-impact dispersion area corresponding to the
30-mile-radius lunar miss circle was determined. This dispersion area
was elliptical in shape, with meximum variations of approximately
423 statute miles east and west and 282 statute miles north and south.

Veriations in the earth-moon mass ratio of +0.1 (from the nominal
value of 81.45) resulted in an east-west dispersion of the earth-impact
point of approximately 85 miles. The dispersion due to an assumed
uncertainty in the geocentric gravitational constant of 1 part in 90, 000
was approximately 590 miles east and west and 138 miles north and south
from the nominal point. These results must be combined statistically
with the injection and midcourse-correction-error results to determine
the total dispersion area. If the conservative approach of using the
root sum square of the individual dispersions is adopted, the resulting
dispersion of the impact point will be 730 miles east and west and
314 miles north and south.

This dispersion area is shown on the earth trace of the trajectory
(fig. 2). It should be noted, however, that the midcourse correction
maneuver will tend to reduce the dispersion due to the uncertalnty in
the gravitational constant and therefore the results given above are
considered to be conservative.

Attitude Control of Photographic Axis and Lunar-Surface Coverage

Several possibilitles have been considered for orientation of the
camera axis for photographing the lunar surface. These possibilities
include: (1) relocation of the midcourse-correction propulsion system
and location of the photographic experiment in the propulsion-system
position with an attitude control system on the photographic system,
(2) a fixed location for the photographic system with the spacecraft
attitude control system used to obtain the desired orientation (similar
to the maneuver required prior to the mideourse velocity correction),



and (3) a scheme which retains the present Ranger (RA-3) configuration
with an orientation system on the photographic package, to be described
subsequently. All these possibilities are feasible and could be con-
sidered in more detaill before arriving at a final design.

In the interest of expedlency, it is desirable to retain as much
of the present Ranger configuration as possible, 1lncluding the present
location of the midcourse-correction propulslon system. It is also
desirable to malntain the spacecraft in its crulse orientation during
the photographing process, by means of the presently avallable, very
accurate, spacecreft attitude control system. In the crulse orientation,
the attitude control system maintains the spacecraft longitudinal axis
pointing at the sun, the yaw axis 1n the earth-vehicle-sun plane with
the high-gain antenna pointing at the earth, and the pitch axis perpen-
dicular to this plane.

Elimination of the landing capsule provides ample payload and volume
within the present Ranger configuration for the photographic experiment.
A scheme for orientation of the photographic axis which appears to war-
rant further consideration is as follows:

While retaining the spacecraft in its crulse attitude, rotate the
photographic-experiment apparatus, including the reentry package, about
an axis parallel to the pltch axis through a specified angle. This
operation would be inltiated upon command, 1 to 2 hours prior to the
time when the vehicle 1s in the correct trajectory position for photo-
graphing the lunar surface. The photographic axis lies in the earth-
vehicle-sun plane and is oriented in a particular inertial direction,
and the course of the design trajectory carries the line of sight across
the surface of the moon for photographing with the two cameras. The
situation is illustrated in figure 4. Upon completing the first series
of photographs, two additional rotations are made for obtaining two more
passes of the line of sight across the surface, resulting in photographs
from three different lnertial attitudes for detalled analysis of surface
features. The photography 1s completed before the vehicle loses line-
of-sight contact with the earth. A drawing of the photographic package
and reentry configuration, illustrating the orlentation scheme, is shown
in figure 1.

The proJjection of the trajectory on the earth-moon plane in the
vicinity of the moon is shown in figure 4 which illustrates the coverage
of the lunar surface obtained by the photographic axis in the three
inertial positions., The numbers on the curve refer to time along the
trajectory in hours from injection and distance from the center of the
moon in miles. The first position allows photography from a distance
of 13,000 to 9,000 miles from the center of the moon for a duration of

l% hours. Rotation about the actuator axis through an additional 18°
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to the second position allows photography from about 8,500 miles to
5,700 miles from the center of the moon for about 1 hour, and further
rotatlon through about 520 to the third position results in photographs
from 5,000 miles to 4,000 miles for about 3/4 hour. The photographic
experiment would be performed during a total time of about 4 hours.

As a consequence of restraining the plane of rotation of the actu-
ator arm to coincide with the earth-vehicle-sun plane, an important
consideration is where this plane, and consequently the photographic
axis, intersects the surface of the moon. For the nominal trajectory
in figure 4, the lines of intersectlon of the photographic axils and the
surface of the moon, for the three inertial attitudes, are shown in fig-
ure 5, which also illustrates the relative fields of view at the indi-
cated times. The traces are in the northern hemlsphere of the moon,
commencing in the southern portion of Mare Imbrium and extending through
the northern portion of Oceanus Procellarum on the visible side of the
moon, and are approximately parallel to the lunar equator. The series
of high-resolution photographs will cover strips of the lunar surface
centered about these lines, while the wide-angle photographs will cover
the complete surface.

The traces shown in figure 5 are considered to be acceptable, but
do not intersect any major lunar craters, with the possible exception
of Archimedes, which would be visible from a highly oblique angle on
the western 1imb. The traces could be shifted toward the equator, with
the possibility of viewing the craters Eratosthenes, Copernicus, or
Kepler with the high-resolution camera, by the simple expedient of
mounting the camera axis at a small angle to the plane of rotation of
the actuator arm. This angular offset can be obtained from predetermined
trajectory characteristics and set to the desired value during prelaunch
assembly of the payload package. Such a procedure would also compensate
for differences in trajectory characteristics for nominal trajectories
designed for different launch dates from the one shown here. In the
present case an angle of 50 between the photographic axis and plane of
rotation of the actuator arm (i.e., the earth-vehicle-sun plane) would
cause the lines of intersection of the photographic axis and the lunar
surface to be situated near and approximately parallel to the lunar
equator. Overlapping fields of view of the high-resolution camera for
the three inertial attitudes are obtained with an angular offset of 1/20,
The surface coverage of the high-resolution camera and the fields of
view are illustrated in figure 6.

The command for initiation of photographing can be given either at
preset times, from knowledge of the trajectory and known values of the
rotation angles of the photographic package, or by a sensor pointing
along the photographic axis which gives a signal when the moon is in
view.
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It would be desirable to include the vidicon photographic system,
already developed for Ranger (RA-3), on the film photographic package,
so that relatively low-resolution vidicon pictures of the lunar surface

would be transmitted to earth during the flight as an auxillary experilment.

Photographic System Design Considerations

Slightly over one-half of the moon's surface is visible from the
earth and has been explored extensively by telescopes, both visually
and photographically. The best photographic methods will resolve lunar
surface features which are about 3,000 feet in dlameter; visual resolu-
tion depends on the observer but under best seeing is generally about
1,200 feet. 1In 1959 the Union of Soviet Socilalist Republics (USSR)
obtained television pictures of part of the back side of the moon by
photographing it at an age of 11 days and transmitting the pictures back
to the earth. A considerable loss in resolution results when the data
require transmitting in this manner as indicated by the released photo-
graphs which have a resolution of the order of tens of miles (ref. 3).
At the present time there are avallable pictures of medium resolution
of 59 percent of the moon's surface and pictures of poor resolution of
25 percent, with 16 percent of the moon's surface unmapped. This unmap-
ped region, along with the entire eastern limb, can be photographed at
third quarter.

The detailed design of an optical system consists of a series of
compromises and optimizations. In the interest of expediency one of the
primery design criteria will be the utilization of as much "off the
shelf" equipment as possible and the discussion of the photographic con-
siderations will be started in that direction. The purpose of this sec-
tion is not to present a final design, but rather to present the results
of a feasibility study in the form of an optical-parameter analysis.

The ground rules for the analysils are that the optical system must fit
into the Ranger vehicle and must weigh less than about 100 pounds.

For close-in photography of the lunar surface, a compromise must be
made between angular fleld and resolution. Consideration of avallable
optical and photographic equipment and the allowable weight for the opti-
cal system leads to the conclusion that no single system would photo-
graph the entire disk of the moon with high resolution. Thus, at least
two systems should be used, one having a wide field and the other having
a narrow field with high resolution. These conditlions lead to the choilce
of a refractor system for the wide-angle camera and a reflector system
for the high-resolution camersa.

For the wide-angle system (the moon subtends & meximum angle of 30°
for the trajectory discussed in other sections) an anastigmatic refractor
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is recommended since it has the advantage of reduced coma and astigmatism
for off-asxis objects. However, on-axis resolution must be compromised
since refractors seldom approach Dawes diffraction limit. The high-
resolution system will have a very narrow fleld so that astigmatism and
coma are of less importance and use of a corrected parabolic reflector

1s recommended.

The main component of the refracting system would be a standard
80-mm focal length f/4 wide-angle lens. This type of lens has been pro-
duced with a photographlc resolution of 100 lines/mm over a field of 300,
and would require 70-mm film. Assuming & resolution of 100 lines/mm,
the resolved distance on the surface of the moon can be calculated as a
function of the altitude above the moon or, equivalently, the flight time
for the nominal trajectory. The results of these calculations are pre-
sented 1in the upper curve of figure 7. Notice that most of the plctures
will have better resolution than the present lunar maps.

The design consideration of the reflecting system must include a
number of factors. First, the optical axls is translating relative to
the surface of the moon so that during the time of exposure a smearing
of the image occurs. The smear distance is the velocity of the vehicle
normal to the optical axis times the exposure time. The exposure time
to produce an exposure of E (film density = 1) is a function of the opti-
cal system and the film and may be expressed as

. - &feQE
T Br

where
t required exposure time
fe effective focal ratio
E exposure required (meter-candle)(sec)
B surface brightness of the moon, 0.25 X lO!+ candles/m2
T transmission coefficient of the optical system, tsken as

0.90 for this study.

A complete list of symbols used in this paper is given in the appendix.
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The smearl in feet for a velocity of V ft/sec 1is

2
E fE EV
T Bt (l)

Sm =
A second consideration 1s the resolving power of the film. For a film
with a resolving power of N lines/mm, the distance resolved on the
lunar surface, assuming perfect optics, is

In = frop (2)

where h 1s the height above the lunar surface in miles and D 1is the
objective diameter in cm. A third consideration is the image degrada-
tion due to diffraction at the edge of the objJective. Diffraction limits
the surface resolution to

R, - 0.3§l6h ()

Although no specific method has been derived for combining resolutions,
an approximate method is to take the square root of the sum of the
squares. The final resolution is therefore

R = dime + sz + ng

Substitution from equations (1), (2), and (3) ylelds

2
2
528h “feeEV 0.3216h 2
sl ) 4 (2320 (k)
Nf D xBT D

The purpose of the parametric study 1s to minimize R within the
welght and size limitations. The most obvious method of minimizing two
of the terms of equation (4) is to make D very large. However, the
welght of a reflecting mirror increases approximately as the cube of the
mirror diameter. For a 12-inch mirror the weight is between 20 and
25 pounds and for an 18-inch mirror the weight 1s about 70 pounds. Also,
incorporating the larger mirrors into the Ranger spacecraft will be more
difficult, For this study the objective diameter is taken to be
12 inches.

1The smear due to the angular rates imposed by the attitude control
system has been calculated and found to be an order of magnitude less
than the values obtained from equation (1).
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Certain of the paresmeters in equation (4) are coupled; for example,
the veloclty and altitude are connected by an energy integral so that,
as h 1increases, V decreases. For specified film and optical param-
eters, there exists an optimum altitude for photographing the moon. For
a typlcal low-speed film with a 12-inch f/ll objective and typical cir-
cumlunar energies, a very flat minimum occurs at 1,600 miles above the
moon's surface. Over an altitude range from O to 4,000 miles, the
resolved distance changes by only 10 percent. Therefore, altitude opti-
mization does not present any large advantages.

A second coupling of the terms in equation (L) concerns the film
characteristics. Although an explicit relationship between E and N
would include such intanglble quantities as developing techniques, 1n
general, N 1s a monotonic increasing function of E. Thus for each
optical system there is some film which gives the best resolution. In
addition, it is apparent from equation (4) that there exists an optimum
focal ratio for each film. Three typlcal films were chosen to examine
the effect of film type and focal ratio. The results of the study are
summarized in figure 8 where lunar-surface resolution is plotted against
focal ratio with film type as a parameter. As would be expected, at high
focal ratios, low-resolution—high-speed film is required and at low
focal ratios, high-resolution—1low-speed film is required. The minimum
resolution for each film type seems to be decreasing slowly as film speed
increases. The system with the high focal ratio, however, is more dif-
ficult to fold into the vehicle. In fact, for maximum utilization of
the optical-system resolving power, Cassegrainian focus will probably be
required. Utilizing very-high-resclution film and allowing some reduc-
tion from optimum resolution may relax the requirement of folded optics.
However, thils compromlise can only be decided after a detailed analysis.
In either case, surface resolution will be about 100 feet, as shown on
the lower curve on figure 7 and therefore considerably better than the
3, 000-foot resolution of the lunar surface avallable from the earth.

Calculating the fleld of view requires a specific set of optical
characteristics. For example, the f/11 system with the 12-inch mirror
has an angular field of about 1° on 70-mm film. This is equivalent to
a region on the lunar surface of 100 miles square when the vehicle is
6,000 miles above the surface. To obtain overlapping high-resolution
photographs from the positions closer to the moon, the photographs must
be taken at the rate of about one per minute. If thls constant rate is
used, about 240 pictures will be taken, and sbout 60 feet of TO-mm film
will be required for the hlgh-resolution photographs.

Another important consideration in a high-performance optical sys-
tem 1s that of maintaining the optical resoclution under changling tem-
perature conditions. Reference L4 presents a detailed analysis of the
problem and possible solutions. Spitzer divides the problem into two
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parts. First, the effect of local thermal Inhomogeneity on mirror fig-
ure and, second, the effect of thermal expansion on the relative posi-
tions of the optilcal elements. If low-conductivity mirror supports are
utilized, the first problem 1s not serious since the time required to
reduce internal temperature differences a factor of l/e by conduction
1s very much less than the corresponding time for radistion cooling to
produce the same temperature reduction, infinite conductivity being
assumed.

The effect of thermal expanslon on the relative positions of the
optical elements may require some design studies. However, since the
orientation of the optical system relative to the sun does not change
during the cruise phase, the optical system will be in equilibrium and
nearly lsothermal. Careful design of the package to nearly maintain
these conditions during the photographic phase in conjunction with the
technigques outlined by Spitzer should alleviate the thermal-expansion
problem. These techniques include (1) making the entire optical system
of one materlal so that the system contracts and expends proportionally,
(2) making the system of materials with low thermal expansion coeffi-
cients, and (3) using materials of different thermal expansion coeffi-
clents but assembling components 1ln such a manner as to compensate for
temperature changes.

Radiastion Protection of Film

Any experiment which involves the transport of photographic film
beyond the protective cover of the earth's atmosphere must consider means
of protecting the film from radiation damage due to passage through the
Van Allen belts and from other sources of radiation in space. The allow-
able radiation dose for film is much less than that for men. Refer-
ence 5 indicates that a dose of 10 roentgens would produce intolerable
blacking of typical amateur and commercial films, a dose of 4 roentgens
would produce a density of 1, and a dose of 1 roentgen would produce a
density of about 0.4, This latter density occurs at the "foot" of the
exposure-density curve and this may be taken as the maximum sllowable
density before image deterioration begins. Thus doses of 1 roentgen or
less will be acceptable.

There are a number of space radiations which must be considered
(1) Protons in the inner Van Allen belt
(2) Electrons in both inner and outer Van Allen belts

(3) Solar-flare particles

O ™
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(4) Primary cosmic rays

(5) Secondary radiation from the interaction of the preceding with
the structure.

The effects of the secondary radiation produced by the protons,
solar-flare particles, and cosmic rays have not been investigated 1in any
detall. Some preliminary calculations indicate that the dose due to the
secondary radiation produced by the protons can be as great as 50 per-
cent of the primary dose and for cosmic rays can be as great as 100 per-
cent of the primsry dose. More detailed calculations will have to be
performed in order to evaluate the precise doses.

Reference 6 indicates that the biological dose from solar flares
can range from a negligible smount to about 25 roentgen behind 25 g/sq cm
of water for low- and high-energy flares, respectively. The latter dose
would produce almost complete blackening of the film. 1In addition, a
shielding of 25 g/sq cm of HoO cannot be tolerated from a weight stand-

point, for the shielding of a film box with inside dimensions of 4 by
4 by 8 inches would weigh about 600 pounds. This leads to the conclu-
sion that the occurrence of a high-energy solar flare would ruin the
film. Fortunately, & solar flare minimum occurs in the 1963 and 1964
time period, so that the number of major flares expected during the
proposed launch periods is nearly a minimum. Extrapolating the curve
of reference 6 for flares per month to 1962 and 1963 period indicates
an expectation rate of much less than 1 flare per month. For a l-week
flight the probability of having a major flare 1s therefore small.

The proton dose in the center of the inner Van Allen belt has
been calculated in reference 6. With a particle flux of
20,000 protons/(sq cm)(sec) with energles greater than 40 Mev, the dose
rates behind 2 g/sq cm and 25 g/sq cm of water are 12 r/hr and 2.7 r/hr,
respectively. Again the 25 g/sq cm must be eliminated from considera-
tion from & weight standpoint. Since 2 g/sq cm of water shielding the
film box only weighs 5 pounds, it 1s of interest to determine what dose
the film would be exposed to with this amount of shielding.

To calculate this dose requires a knowledge of the spatial depend-
ence of the proton flux and of the vehicle trajectory. Figure 9 1llus-
trates the proton counting rate, normalized to unity at the center of
the belt, as a functlon of the geomagnetic latitude and the geocentric
radius. The ascending and descending portions of the circumlunar trajec-
tory discussed in a previous sectlon are also 1llustrated. The trajec-
tory has been designed to mlss the belt, consistent with the constraints
imposed by communication and kinematic requirements. The integrated dose
for both passes through the inner belt, including 50 percent for second-
ary radiation, 1is about 1/2 roentgen. The reduction in dose afforded by
trajectory shaping is 1llustrated by comparing the l/2—roentgen dose with
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a dose of 4 roentgens obtained for trajectories in which the vehicles
leave and return through the center of the belt.

If required, further reduction in the dose can be obtained by
designing the trajectory so that the vehicle enters at a greater geo-
magnetic latitude than the nominal trajectory presented here. The mag-
netic equator dips south over South America and north over the Indian
Ocean. Thus, from a radiation standpoint, the two most favorable landing
regions are in the eastern Caribbean and almost anywhere in the Indian
Ocean or Australia.

The electrons 1n both belts are less penetrating than the protons
in the inner belt. These electrons will be stopped by the structural
mass, and the inside of the vehicle will be irradiated by the resulting
bremsstrahlung. Utilizing a material having a low atomic number for the
vehicle skin reduces the intensity of the bremsstrahlung. However, even
with materials having medium atomic numbers, the radiation can be atten-
uated to a negligible intensity by 2 or 3 g/sq cm of lead. Thus the
electrons do not present any great radiation problems.

(e JNecNo ol i o

The radiation dose rate due to primary cosmic rays is about

1.6 X lO'3 r/hr, glving a total dose for a 160-hour trip without shielding

of only 0.25 roentgen. Considering secondary radiation the total will

probably be less than 0.5 roentgen. Shielding against the low-atomic-

weight components of the cosmic rays is quite impractical; however, due -
to the nominal total dose, shielding is not mandatory.

To summarize, the approximate doses within an aluminum film-
protection container with 1.l-centimeter-thick walls (equivalent shielding
of 2 g/sq cm of water) and 3 millimeters of lead shielding inside the
aluminum are shown in table III. The welght of such a container with
inside dimensions of 4 by 4 by 8 inches is approximately 12 pounds. It
is seen that this amount of shielding reduces the radilation dosage to
the acceptable level of about 1 roentgen and protects the film asgainst
all space radiations except a major solar flare.

REENTRY, HEATING, AND RECOVERY CONSIDERATIONS

The circumlunar trajectory design incorporating verticsl entry into
the earth's atmosphere on return to earth leads to reentry conditilons
characterized by large decelerations and high heating rates. Both con-
ditions, however, are tolerable for the reentry of a recoverable instru- -
mented vehicle.
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A number of reentry trajectory and heating calculations have been
made for reentry configurations which could be utilized for the photo-
graphic mission. Although not necessarily the final choice, a spherical
reentry configuration has the advantage of requiring no attitude control
after separation from the vehicle, prior to the reentry heating perilod.
Typical trajectory properties for a spherical reentry configuration with
the reentry parameter W/CDA of 50 lb/sq ft and for vertical entry into

the atmosphere with velocity of 36,000 ft/sec at an altitude of 76 miles
are shown in figure 10. Time is measured from time of passage through
an altitude of 76 miles. Peak deceleration is 354g. The vehicle has
decelerated to sufficiently low velocity (<760 ft/sec) for parachute
deployment at altitudes less than about 76 miles.

Basic data for estimation of heat-shield weight are shown in fig-
ure 11 as a plot of heating rate Q as a function of time for the con-
vective and radiative components, calculated for a standard l-foot nose

radius and L 50. These data are used to calculate the total convec-

Cph
tive and radiative heat inputs for the l%-foot-diameter reentry sphere

and result in approximately 15 pounds of ablative heat material required
for an ablative heat shield (phenolic nylon) with effective heat capacity
of 5,000 Btu/lb. Approximately an equal amount of material will be
required to maintain the temperature within the reentry capsule at less
than about 100° F throughout the reentry; the result 1s a total heating-
protection weight of 30 to 35 pounds.

The recovery of the reentry capsule containing the undeveloped film
is somewhat simplified in that the actual impact point, within the over-
all dispersion area, should be predictable to a high degree of accuracy.
The Ranger spacecraft will be tracked throughout the circumlunar trajec-
tory and, with the single midcourse correction having been made less than
1 day after injection, more than 6 days of continuous tracking and
smoothing time will be available. It is estimated that the impact loca-
tion will be predictable within a few tens of miles 2 days before reentry,
and within a few miles several hours before reentry. In contrast to
recovery from an earth orbit, there is no requirement for a deorbiting
retro-rocket and attendant attitude and timing control, and with the
proposed nearly vertical reentry trajectory, there will be very little
dispersion due to atmospheric effects.

It is of some interest to note that a vehicle describing a circum-
lunar trajectory such as the one presented here, in which the vehicle
passes near the moon at the third-quarter lighting condition, and
returns to the earth nearly normal to the atmosphere, enters the atmos-
phere at the time of local dawn, thus affording a maximum number of day-
light hours for the recovery operation.
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The recovery alds, including a radar-reflective buoyant parachute,
a radio beacon operable during parachute descent and while the inherently -
buoyant capsule is floating on the water, visual aids, and sequencing
devices are all presently available and have been proven in previous
recovery operations. Similarly, the recovery operation, which might
include a consideration of air snatch, should follow previously estab-
lished procedures but, in consideration of factors mentioned above,
should be of less complexlty than recoveries from earth-orbital missions.

PRELIMINARY DESIGN OF PHOTOGRAPHIC EXPERIMENT

An overall view of the photographic-experiment design and its
integration into the Ranger spacecraft 1s shown in figure 1. The mounting
and actuator for positioning of the photographic package are the only
additions required to the standard Ranger (RA-3) bus. This actuator is
mounted on the opposite side of the base of the bus from the mounting
and actuator for the high-gain antenna, and the photographic package is
deployed in the same plane as the high-gain antenna. The supporting
structure for the omnidirectional antenna, which is fixed for this mis-
sion, is attached to the bus.

OO®WH

Figure 12 is a preliminary drawing of the experimental package
design, showing the high-resolution camera, wide-angle camera, film
transport and shutter mechanisms, the reentry capsule, and assoclated
components. Consultation with respect to the design of the high-
resolution camera has indicated that such a design, including considera-
tion of the thermal environment, is well within the present state of the
art.

The preliminary weight estimate for the experimental apparatus is
given In table IV. The estimated weight of 239 pounds 1s well within
the allowable weight of 300 pounds, and indicates the possibility of
inclusion of additional experiments on the circumlunar mission.

ANTICIPATED SCIENTIFIC RESULTS

Photographs of the lunar surface obtalned from & circumlunar photo-
graphic experiment would provide basic data for a number of sclentific
investigations. With surface coverage of the entire eastern 1limb down
to a resolution of 2,000 feet, obtained with a wide-angle refractor, and
with coverage of a wide area north of the equatorial region (approxi-

mately 0.5 X lO6 square miles) with resolution down to approximately
80 feet, obtained with a high-resolution reflector, a considerable amount



A e —

19

of new information would be available pertaining to the lunar-surface
features and formations. These photographs would cover that portion of
the back side of the moon which has not yet been photographed and would
cover one-half of the back side with considerably better resolution than
the availlable pictures.

Since the photographs would be taken with the photographic axis in
three different inertial attitudes, data would be available for deter-
mination of altitudes and slopes of surface features at the two scales of
resolution.

Photometric studies, following the approach of Bennett (ref. 7) and
other investigators and more recently by Van Diggelen (reported by Struve
in ref. 8), should provide new information pertaining to the texture of
the lunar surface. Of particular Interest In this connection 1s whether
the curves of surface brightness as a function of phase angle (here
defined as the angle between the direction of the sun and the photographic
line of sight) are of the same nature for features resolved with the high-
resclution camera as for features resolved with present earth-based
photographs.

The wide-angle plctures taken about 7O hours after Injection would
have a resolution of about 5,000 feet and give a vliew of the entire
eastern limb of the moon along with a profile of the figure of the moon
in the meridian plane containing the earth. These pictures would help to
determine the size of the lunar bulge toward the earth. As indicated in
reference 9, there 1s considerable uncertainty in the value of the ellip-
ticity of the moon's figure. Dynamical considerations give a length of
the semiaxis alined with the earth 3,140 feet greater than the average
lunar radius normal to the line of sight. Measurements of apparent posi-
tion of lunar-surface features against the star background at different
librations give semiaxis elongations varying from 3,000 to 13,000 feet.
The most accurate measurements yileld 6,500 feet * 2,200 feet. Therefore,
a statistical analysis of the wide-angle photographs should be able to
reduce the uncertainty in the size of the lunar bulge.

Link (ref. 10) has proposed that lunar occultations of radio sources
give an opportunity to determine the electron gas density at the surface
of the moon and thereby to obtain some measure of the lunar atmospheric
density. The technique is to measure the difference between the times
of radio and visual occultation of the source. Elsmore (ref. 11) gives
the results of such an experiment which he performed in 1956 when the
moon occulted the Crab nebula. The angle of refraction was measured to
be 13.4 seconds * 8.7 seconds, corresponding to an electron density of

the order of 105/cu cm, the uncertalnty probably arising from the finite
size of the radio source.
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A circumlunar mission glves an excellent opportunity to reperform
Link's experiment with a considerable improvement in accuracy, 1if opti-
cal tracking of the vehicle is available, for the satellite will repre-
sent coincident radio and optical point sources and the times of occulta-
tion can be measured to a fraction of a second. Optical tracking might
be afforded by placing a plane reflecting surface on the spacecraft and
rotating it about the pitch axis so that the normal to the mirror bisects
the sun-vehicle-observer angle. This rotation might be obtained by
linking the mirror to the high-gain antenna. As indicated in refer-
ence 12, a mirror 13 inches in diameter 1s visible against the full moon
when viewed through a 40-inch telescope. To obtain a high degree of
accuracy, a transmitter with a lower frequency than the present Ranger
communication system is required. Data in reference 10 indicate that
any frequency less than 100 mc/sec would be suitable. To obtain refrac-
tion data st both the occultation and reappearance, the transmitter would
have to operate for about 1 hour.

The determination of accurate values of the masses of the earth and
moon from an analysis of the actual vehicle trajectory is largely a func-
tion of the accuracy with which the vehicle can be tracked. To obtain
an indication of the magnitude of the numbers involved, with the present
trajectory an error of 1 part in 90,000 in the value of the geocentric
gravitational constant, on the assumption of perfect injection, results
in a vehicle position error of approximately *15 miles after 25 hours
of flight. The distance of the vehicle from the center of the earth is
approximately 126,000 miles at this time. Since the midcourse correction
will be made prior to this time, the tracking system must be able to
resolve errors which are smaller than this value. In addition, the effect
of errors in injection conditions must be separated from the effect of
errors due to mass uncertainties.

An increase in the accuracy of the value of the lunar mass may be
obtained by observation of the vehicle trajectory in the vicinity of the
moon. In order to obtain an indication of the tracking accuracy which
would be required, a variation of #0.1 (from the nominal trajectory value
of 81.45) was made in the earth-moon mass ratio. This variation had
little or no effect on the trajectory prior to the vehicle's entry into
the moon's sphere of influence. On the earth-return portion of the mis-
sion, however, this variation in the earth-moon mass ratio resulted in
a vehicle position error of 35 miles at a distance of 32,000 miles from
the center of the moon. Although this variation in the nominal value of
the earth-moon mass ratlo covers the range of absolute values which have
been obtained for this ratio (see ref. 13), the varlation is about four
times the expected uncertainty of any particular value. Therefore it
appears that the position of the vehicle would have to be known to a
value somewhat smaller than 8 miles if a more accurate value is to be
obtained for the lunar mass.

O @M@ H
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CONCLUDING REMARKS

Analyses and design conslderations generated In the course of a
feasibility study indicate that an area of about 500,000 square mlles of
the lunar surface could be photographed with considerably better reso-
lution than that obtained from earth-, balloon-, or earth-satellite-
based lnstruments, by using a circumlunar trajectory and returning the
photographic film to the earth. The study also indicates that trajec-
tory optimization leads to reasonable dispersion areas on the surface of
the earth on the completion of such a mission, with a consequent reason-
able probability of effecting recovery of the data capsule after return
to the earth. In addition to the primary objective of obtaining the
lunar-surface photographs and vidicon pictures, which would provide basic
data for analysis of lunar-surface features, formations and structure, a
number of other scientific results would be cbtained from such a mission.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Air Force Base, Va., January 15, 1962.



22

In cases where distances are expressed in miles, the statute mile is
The following factors are included for use in converting English

intended.
1 statute mile = 1.60934k4 kilometers,

units to metric units:

APPENDIX

SYMBOLS

1 foot = 0.3048 meter, 1 inch = 2.54 centimeters.

B

D
E

T

t

W/CpA

v

XY,Z
X,¥,2
Xr»¥rsZr
p

T

surface brightness of moon, candles/m®
obJjective diameter

exposure, (meter-candle)(sec)

focal ratio

effective focal ratio

height above lunar surface, statute miles
surface resolution 1limit due to film, ft
resolving power of film, lines/mm
heating rate, Btu/(sq ft)(sec)

convective heating rate, Btu/(sq ft)(sec)
resolution

surface resolution limit due to diffraction, ft
surface resolution limit due to smear, ft
time measured from injection, days
required exposure time

ballistic parameter, 1b/sq ft

velocity, ft/sec

inertial coordinate axes

distances along inertial coordinate axes
distances along rotating coordinate axes

density

transmission coefficient of the optical system

O MM
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TABLE I.- TRAJECTORY CHARACTERISTICS

Launch conditions:
Latitude of Cape Canaveral, deg N. .
Longitude of Cape Canaveral, deg We o v o s o v s
Heading angle, deg . + « « « C e s e e e e e
Time to injection, sec ¢« « « « ¢« & &« & o v o o
Angular travel to injection, deg .

Injection conditions:

TiME + & o o s s s s o o o » s &« & o o

Latitude, deg S. S T T
Longitude, deg BE. « « « + & ¢ v ¢ ¢« s 0 0 o s v o
Heading angle, deg « « « « « s & « o = o s o o + o+ o
Altitude, statute miles . . « ¢« « + ¢ o ¢« o &«
Velocity, ft/sec « « v v v v v o o v o o o v o oo
Elevation angle, deg « « « ¢« « s = + ¢ o« v o o o

Periselenian conditions:

Time from injection, hr . . « + « « ¢ ¢« ¢« o « &
Distance of perlselenian (from center of moon) ,
statute Miles « + ¢ o « o ¢ 5 v o s s e 2 e e e e

Reentry conditions at an altitude of 76 statute miles:
Time from injection, hr . . . . . o« e e e s . .
Latitude, deg N. B I
Iongltude, deg Wo « & « + ¢ & o 2 s o
Reentry angle, deg « « +« « « « « o & &

28.278
80.574
102.16
. 2,097.01
127.689

October 5, 1963

16050830, 00° u.t.
. . 25.875
R -
.« . . 106.896

115

. 35,921.0

. 1.66

e 72.%0
3, Th6

167.81

23.43
145.20

T9. 34

oOm@®H
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TABLE II.- SUMMARY OF DISPERSION-AREA ANALYSIS

25

Source

Dispersion of earth-impact
point, statute miles

30-mile-radius miss circle
(tracking and midcourse
correction uncertainty)

Uncertainty in earth mass, §5;%56
2

Uncertainty in earth-moon mass
0.1
81.45

ratio,

Root-sum square

East and west North and south
ho3 282
590 138
85 Negligible
T30 31k

TABLE III.- APPROXIMATE RADIATION DOSE INSIDE FIIM CONTAINER

Source Approximate dose, roentgen
Van Allen protons 0.5
Van Allen electrons <.1
Cosmic rays + secondary
radiation <.5
Solar flare (Probability of occurrence >>1
during mission is small.)
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TABLE IV.- PRELIMINARY WEIGHT ESTIMATES

[All weights in pound%

Reentry capsule:
Film and radiation protection, take-up . « « . « ¢« « « + « ¢« . 20
Heat shielding and structure . . . e e e e e e e e . b5
Recovery ailds (beacon, parachute, dye) e &
TOLEL « o v « o o o o s s o o s s o o o s ¢ o s o o v 0. 81

Optical systems:

Reflector (12-inch) system and structure . . + « +« « « « « « « . 60
Refractor, shutters, drive, and structure . . . « . « « & « « 25
Radiation protection . . « + ¢ ¢ ¢ ¢« ¢ o ¢ o s 0 v e e e e 0 e 13
%tal . L] - . » . . * L] L] L] . . L] L) . L] L] L] . L] » L] . . . - . 1w
Supporting arm and actuator . . . . . ¢ s v e e e 0 e e e e e 25
Additionsl vehicle structure « + v ¢« v « o o o o o ¢ s o0 8 s e s o 15

Total welght « ¢« ¢« « &« + v o o ¢ ¢ o o o s s o % s s e xxw v 239

O @D H
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Figure 3.- Spatial trace of nominal trajectory.
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Figure 5.- Intersection of photographic axis with surface of moon.
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Figure 7.- Photographic resolution of lunar surface.
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Figure 9.- Position of design trajectory with respect to inner Van Allen
radiation belt.
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Figure 1l1.- Stagnation-point heat inputs.
W/CpA = 50 1b/sq ft.

Nose radius = 1 ft;
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